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1.0  IMTKODOCTIOff 


Progress  is  reported  for  the  fourth  year  of  an  interdisciplinary 
program  to  innovate  modern  diagnostic  techniques  applicable  to  reacting 
and  plasma  flows.  Research  topics  Include:  (1)  fiber  optic  absorption/ 
fluorescence  sensors  employing  tunable  UV  visible  and  1R  laser  sources 
for  species  measurements;  (2)  wavelength-modulation  spectroscopy,  using 
rapid-scanning  IV,  visible  and  IR  laser  sources,  for  absorption  and 
fluorescence  measurements  of  species,  temperature  and  absorption  line- 
shapes;  (3)  quantitative  flow  visualization,  including  temporally  and 
spatially  resolved  species  and  temperature  measurements  in  a  plane, 
using  laser-induced  fluorescence;  (4)  quantitative  particle  visualiza¬ 
tion  in  spray  flames  using  Mle  scattering;  (5)  multiple-point  velocity 
visualization;  (6)  advanced  solid-state  camera/computer  systems  for 
high-speed  and  high-resolution  recording,  processing  and  display  of  flow 
visualization  data;  (7)  plasma  diagnostics,  utilizing  planar  laser- 
induced  fluorescence  and  wavelength  modulation  techniques;  (8)  optical 
processing  and  phase  conjugation  studies;  and  (9)  investigation  of  other 
new  diagnostic  concepts. 


2.0  PROJECT  SDMtARlES 


Included  in  this  section  are  summaries  of  progress  in  each  of  seven 
project  areas.  In  most  cases,  each  project  summary  contains  the 
following  subsections:  (a)  Introduction;  (b)  Scientific  Merit;  (c) 
Status  Report;  (d)  Publications  and  Presentations;  (e)  Personnel.  Addi¬ 
tional  descriptions  of  this  work  may  be  found  in  the  cited  publications 
and  in  our  previous  scientific  reports  (November  1981,  November  1982, 
and  November  1983). 

2.1  Fiber  Optic  Absorption/Fluorescence  Sensors 
Introduction 

Optical  fibers  provide  a  convenient  and  flexible  means  of  linking 
expensive  and  environmentally  sensitive  laser  sources  with  remote  and 
possibly  hostile  test  facilities.  Additionally,  fiber  links  facilitate 
multiplexed  laser  measurements,  that  is  the  use  of  one  laser  to  make 
measurements  at  a  number  of  locations.  With  regard  to  combustion  and 
plasma  needs,  optical  fibers  offer  perhaps  the  best  prospect  for 
extending  some  of  the  laser-based  diagnostic  techniques  developed  in 
small-scale  laboratory  experiments  to  larger-scale  systems,  particularly 
those  with  limited  optical  access. 

With  optical  fiber  technology,  it  becomes  possible  to  consider 
measurements  of  a  wide  variety  of  physical  quantities  using  various 
sensing  schemes.  In  our  work,  we  have  been  primarily  interested  in 
gaseous  species  and  temperature  measurements,  and  we  have  focused  our 
efforts  on  the  use  of  laser  absorption  and  fluorescence  which  offer 
advantages  with  regard  to  sensitivity  and  simplicity  of  operation  and 
Interpretation.  In  the  past  few  years  we  have  reported  on  a  series  of 
approaches  and  devices  (see  publications  listed  at  end  of  this  section) 
for  combustion  measurements,  using  various  laser  sources  (tunable  IR 
diode  lasers  and  both  cw  and  pulsed  tunable  UV/visible  dye  lasers).  As 
our  past  work  in  this  area  is  well  documented,  we  emphasize  in  this 
report  our  most  recent  activity  involving  the  use  of  a  fiber  optic  link 
to  enable  absorption-based  measurements  of  NCO  spectral  parameters  in  a 


shock  tube  located  In  a  separate  building  60  meters  from  the  dye  laser 


Scientific  Merit 

This  research  seeks  to  enable  the  application  of  spectroscopy-based 
schemes  for  remote  measurements  of  gaseous  properties  in  reacting  flows. 
Such  schemes  are  critically  needed  for  flows  with  poor  optical  access  or 
where  the  test  environment  precludes  local  placement  of  a  laser  source. 
Our  approach  is  unique  in  that  it  seeks  to  combine  recently  developed 
tunable  laser  sources  with  novel  absorption  or  fluorescence  probes.  The 
resulting,  relatively  simple  diagnostics  are  well  suited  to  meet  a 
variety  of  practical  measurement  requirements  and  hence  have  the  poten¬ 
tial  for  significant  Impact  on  various  scientific  and  engineering 
aspects  of  combustion  and  propulsion.  In  addition,  our  work  has  contri¬ 
buted  substantially  to  the  fundamental  spectroscopic  data  base  for  high 
temperature  gases. 

Statue  Report 

We  limit  our  discussion  here  to  recent  unpublished  work.  The  reader 
is  referred  to  the  publications  list  at  the  end  of  this  section  for  a 
full  description  of  past  work. 

Our  major  activity  during  this  reporting  period  has  been  to  com¬ 
plete  measurements  of  NCO  spectral  parameters  using  a  fiber  optic 
absorption  technique  to  probe  NCO  generated  in  a  shock  tube.  The  species 
NCO  has  been  proposed,  on  theoretical  grounds,  as  a  combustion  inter¬ 
mediate  of  some  importance  in  connection  with  the  chemistry  of  nitrogen 
species  in  combustion.  Until  now,  however,  NCO  has  not  been  detected  in 
a  high  temperature  system.  In  our  work  we  have:  investigated  the  elec¬ 
tronic  absorption  spectra  of  NCO  (B  *■  X  and  A  *■  X  bands),  found  an 
optimum  wavelength  for  detection,  modified  our  Ar+-pumped  cw  ring  dye 
laser  to  operate  at  this  near-UV  wavelength  (440  nm,  A  «•  X  band). 
Installed  a  60  meter  optical  fiber  link  between  the  laser  and  the  shock 
tube  lab,  and  performed  Incident  shock  wave  tests  to  evaluate  the  spec¬ 
tral  absorption  parameters  of  NCO  at  high  temperature. 


TOSSSWr 


A  schematic  of  the  experiment  and  typical  results  are  shown  in 
Fig.  1.  The  laser  source  was  a  ring  dye  laser  (Spectra-Physics  380A) 
operating  on  stilbene  (S3)  dye  and  pumped  by  the  UV  lines  (1.9  W,  all 
lines)  of  an  Ar+  laser  (Spectra-Physics  171-18).  The  output  of  the  laser 
was  amplitude  stabilized  (Coherent  307  Noise  Eater),  yielding  power 
levels  of  5-10  mW  at  the  input  of  the  60  meter  fiber  link  (200  micron 
fused  silica  fiber.  Superguide). 

The  quantity  measured  was  the  fractional  absorption  following 
shock-wave  production  of  a  fixed  amount  of  NCO.  Variations  in  the 
absorption  as  a  function  of  laser  wavelength,  as  shown  in  Fig.  1  (for 
T-1430K,  P-0.6  atm),  enable  determination  of  the  relevant  Voigt  param¬ 
eter  A  and  subsequently  the  collision-broadened  linewidth  for  NCO  broad¬ 
ened  by  Ar.  The  absolute  absorption,  together  with  the  known  level  of 
NCO  present,  leads  to  a  value  for  the  electronic  oscillator  strength. 
(Details  of  this  work  have  been  submitted  for  publication;  see  publica¬ 
tion  7  below.) 

The  significance  of  this  work  is  threefold:  (1)  we  have  established 
a  method  for  quantitatively  monitoring  NCO  and  have  made  the  first  meas¬ 
urements  of  NCO  in  a  high  temperature  system;  (2)  we  have  determined 
oscillator  strength  and  collision-broadening  parameters  for  NCO;  and  (3) 
we  have  demonstrated  the  utility  of  fiber  optic  links  for  sensitive, 
quantitative  species  measurements  at  locations  removed  from  the  laser 
source.  The  latter  accomplishment  suggests  the  potential  of  using  expen¬ 
sive  and  sensitive  laser  sources  for  measurements  at  several  locations, 
thereby  increasing  the  utility  factor  of  such  systems  and  enabling 
sharing  of  facilities  between  different  experiments  and  research  groups. 

Three  other  projects  related  to  fiber  optic  sensors  have  been 
initiated  and  can  be  mentioned  briefly:  (1)  we  have  begun  to  investigate 
the  use  of  coherent  fiber  bundles  for  transmission  of  quantitative 
visualization  data  from  systems  with  limited  optical  access;  (2)  we  have 
been  working,  thus  far  unsuccessfully,  to  acquire  samples  of  recently 
developed  infrared  fibers  (3-10  micron  transmission)  which  we  hope  to 
use  in  research  on  remote  laser-monitoring  of  infrared-active  species, 
such  as  CO,  CO9,  H£0  and  various  hydrocarbons;  and  (3)  we  have  performed 


SUCCESSFUL  USE  OF  FIBER-OPTIC  LINK  TO  REMOTELY 
MEASURE  SPECTRAL  PARAMETERS  OF  NCO 


Fig.  1.  Shock  tube  measurements  of  NCO  spectral  absorption  coefficient  using  a  remotely  located  dye  1 


some  preliminary  work  on  remote  laser-absorption  sensing  of  metal  atoms 
and  oxides,  using  visible  diode  or  dye  lasers,  as  a  possible  means  of 
aircraft  engine  control  or  monitoring. 
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2.2  Wavelength  Modulation  Snectrosco 


Introduction 


Recent  improvements  in  tuning  rates  of  narrow-1 inewidth  laser 
sources  offer  opportunities  for  new  diagnostic  techniques  based  on 
wavelength  modulation  spectroscopy  concepts.  Wavelength  modulation 
spectroscopy  refers  to  laser  absorption  or  laser-induced  fluorescence 
measurements  carried  out  with  a  rapid-tuning  single  mode  laser.  In 


essence  this  method  involves  quickly  scanning  a  tunable  cw  laser  across 
one  or  more  isolated  absorption  transitions  and  recording  the  spectrally 
resolved  absorption  line  profile  using  either  absorption  or  fluorescence 
detection.  Our  laboratory  has  played  a  lead  role  in  establishing  this 
measurement  technique,  using  both  infrared  and  UV/visible  lasers,  parti¬ 
cularly  for  probing  combustion  gases  and  plasmas. 

A  primary  advantage  of  wavelength  modulation  is  that  it  provides  a 
simple  means  of  discriminating  against  continuum  extinction  and  lumi¬ 
nosity  effects  which  can  seriously  hinder  conventional  laser  absorption 
or  fluorescence  measurements  in  two-phase  combustion  flows  and  high- 
luminosity  plasmas.  Moreover,  recording  the  fully  resolved  absorption 
line  eliminates  the  need  for  uncertain  linewidth  assumptions  in  con¬ 
verting  measured  absorption  (or  fluorescence)  to  species  concentration 
or  temperature.  Previously  in  our  laboratory,  in  AFOSR-sponsored  work, 
we  demonstrated  the  utility  of  the  wavelength  modulation  concept  for 
combustion  measurements  involving  infrared-active  species  using  a  com¬ 
mercially  available  rapid-tuning  infrared  diode  laser. 

Unfortunately,  rapid-tuning  dye  lasers,  needed  for  accessing  a 
variety  of  important  radical  species  which  absorb  in  the  near  UV  and 
visible,  are  not  commercially  available.  Recognizing  the  importance  of 
such  a  capability,  we  have  in  the  past  three  years  developed  a  novel 
(and  simple)  modification  to  a  commercial  ring  dye  laser  which  increases 
the  scan  repetition  rate  by  three  orders  of  magnitude  (from  about  4  Hz 
to  4  kHz)  for  short  scans  (up  to  5  cm-^  «  150  GHz),  and  we  have  recently 
incorporated  intracavity  frequency  doubling  into  the  dye  laser  to  permit 
access  to  UV  wavelengths.  Operation  in  the  UV  is  critial  for  access  to  a 
variety  of  important  combustion  and  plasma  species. 


Scientific  Merit 

This  is  the  first  dye  laser  system  we  are  aware  of  which  enables 
fast  single-mode  scans  over  spectral  regions  encompassing  complete 
absorption  lines  (~  30  GHz  at  combustion  conditions).  This  capability 
provides  several  new  opportunities  for  combustion  and  plasma  research. 
In  connection  with  combustors  where  particulates  or  droplets  are 


present,  wavelength-modulation  techniques  can  now  be  applied  to  discrim¬ 
inate  between  the  gaseous  absorption  or  fluorescence  of  interest  and 
interfering  continuum  extinction.  For  plasma  flows  which  may  be  highly 
luminous,  wavelength  modulation  should  provide  a  means  of  distinguishing 
the  spectrally  varying  signal  of  interest  from  the  intense  continuum 
background.  In  unsteady  flows  or  in  devices  where  transient  phenomena 
are  of  interest,  fast  measurements  of  fully-resolved  absorption  or 
fluorescence  lines  can  be  used  for  time-resolved  determinations  of 
species  and  temperature.  Finally,  the  significance  of  fast-scanning 
capability  for  basic  spectroscopic  measurements  should  be  noted.  For 
example,  we  have  recently  demonstrated  the  feasibility  of  recording 
fully  resolved  absorption  lines  in  shock  tube  flows.  Such  experiments 
provide  first-time  capability  for  obtaining  a  variety  of  fundamental 
data  including  important  quantities  such  as  collision  linewldths,  oscil¬ 
lator  strengths  and  heats  of  formation;  these  parameters  are  needed  to 
enable  quantitative  absorption  and  fluorescence  measurements  of  species 
in  combustion  and  plasma  flows. 


Status  Report 

A  schematic  diagram  of  the  dye  laser  modification  and  an  example  of 
the  system  capability  to  monitor  an  isolated  UV  absorption  line  of  OH  in 
a  flame  are  shown  in  Fig.  1.  In  brief,  a  rotating  dual-element  device, 
which  changes  the  effective  laser  pathlength  as  it  rotates,  is  installed 
in  one  corner  of  the  ring  laser  adjacent  to  the  output  mirror.  Use  of 
two  elements  guarantees  that  the  alignment  of  the  beam  (inside  and 
outside  of  the  cavity)  does  not  change  while  the  wavelength  is  changing. 
The  tuning  elements  are  mounted  on  the  shaft  of  a  commercial  galvano¬ 
meter  which  mounts  conveniently  in  the  standard  ring  cavity  of  our 
Spectra-Physics  ring  dye  laser. 

The  tuner  was  demonstrated  initially  at  visible  wavelengths,  pro¬ 
viding  continuous,  single-mode  scans  of  up  to  5  cm-*  (150  GHz)  at  4  kHz. 
Recently  we  have  been  able  to  extend  this  capability  into  the  UV  by 
installing  a  doubling  crystal  into  the  same  cavity.  Experiments  with  an 
AD*A  doubling  crystal,  oven  and  mount  (Spectra-Physics  model  398A)  show 


excellent  performance  (see  Fig.  1),  with  output  in  excess  of  10  nU  at 
309  na  (with  a  pump  power  of  only  4  N  all  lines)  and  single  mode  scans 
of  more  than  100  GHz  at  4  kHz  repetition  rate.  He  have  been  contacted  by 
several  researchers  in  other  laboratories  who  are  anxious  to  obtain  this 
extended  capability. 

He  have  utilized  this  new  tuner  in  two  novel  experiments,  one 
conducted  with  a  shock  tube  and  one  in  a  flame.  In  the  shock  tube  exper¬ 
iment,  the  laser  was  used  to  record  fully  resolved  absorption  line 
profiles  of  OH  over  a  range  of  post-shock  conditions.  In  brief,  the 
center  frequency  of  the  repetitively  scanning  laser  was  set  on  a  known 
UV  line  of  OH,  and  the  beam  was  passed  through  the  shock  tube  to  enable 
recording  of  absorption  line  profiles  behind  incident  shock  waves. 
Mixtures  of  ^2^2^  were  shock  heated  to  provide  relatively  constant 
levels  of  OH  at  known  conditions.  These  experiments  (see  publication  6 
for  details)  provide  the  first  fully  resolved,  radical  species  absorp¬ 
tion  spectra  recorded  in  a  shock  tube.  Use  of  the  fast-scanning  laser  in 
conjunction  with  shock  tube  methods  provides  several  new  opportunities 
for  fundamental  research  on  spectral  and  thermochemical  properties  of 
high  temperature  gases. 

The  second  novel  experiment  which  we  have  conducted  involves  com¬ 
bined  absorption  and  fluorescence  measurements  in  a  flame.  A  simplified 
schematic  diagram  of  the  experiment  indicating  the  essential  features  of 
the  set-up  and  an  illustration  of  the  type  of  data  recorded  is  shown  in 
Fig.  2.  In  this  work  we  have  chosen  to  scan  a  portion  of  the  OH  absorp¬ 
tion  spectrum  encompassing  two  transitions.  This  is  an  important  aspect 
of  our  measurement  strategy,  because  it  enables  Inference  of  both  tem¬ 
perature  (from  the  relative  strengths  of  the  two  lines)  and  species 
concentration  (from  absolute  measurements  of  the  area  of  one  of  the 
lines).  The  capability  for  simultaneous  temperature  and  species  con¬ 
centration  measurements  demonstrated  here  using  one  laser  source  is 
quite  exciting,  particularly  since  the  method  appears  capable  of  moni¬ 
toring  these  quantities  at  high  repetition  rates.  At  present,  CARS 
measurements,  which  can  yield  temperature  but  not  minor  species,  are 
capable  of  only  about  10  Hz  repetition  rate.  The  successful  development 


of  a  method  yielding  both  temperature  and  species  concentration  at 
kilohertz  repetition  rates  would  therefore  represent  a  major  diagnostics 
advance.  Although  challenges  remain,  this  is  our  goal  and  good  progess 
is  being  made. 

Examples  of  typical  absorption  and  fluorescence  data  obtained  in 
near-stoichiometric  CH^-air  flat  flames  are  shown  in  Fig.  3.  For  absorp¬ 
tion  (see  left-hand  panel  of  Fig.  3)  the  quantity  plotted  is  the  loga¬ 
rithm  of  the  fractional  transmission,  normalized  by  the  peak  value,  for 
a  single-sweep  (about  200  microsecond  duration)  scan  of  the  laser.  The 
data  are  fit  using  a  best-fit  Voigt  profile  analysis  in  which  temper¬ 
ature  is  the  principal  unknown.  The  inferred  temperature,  1925  K,  is  in 
excellent  agreement  with  radiation-corrected  thermocouple  readings.  The 
accuracy  of  the  absorption-based  temperature  is  extremely  good;  we 
estimate  an  uncertainty  of  under  1.5Z.  It  must  be  remembered,  of  course, 
that  this  is  a  line-of-slght  measurement,  and  while  such  measurements 
will  be  useful  for  many  purposes  they  do  not  yield  the  spatial  resolu¬ 
tion  needed  for  fundamental  studies  of  turbulence.  As  of  this  writing, 
we  have  not  yet  extracted  values  of  OH  concentration  from  these  records, 
although  we  anticipate  no  problems  in  doing  so. 

Similar,  single-sweep  fluorescence  data  (for  a  somewhat  leaner 
flame)  are  shown  in  the  right-hand  panel  of  Fig.  3,  again  plotted 
together  with  a  best-fit  theoretical  profile  enabling  determination  of 
temperature.  These  data  are  noisier,  owing  to  the  much  smaller  signal 
with  fluorescence,  but  the  results  are  still  very  encouraging  in  that 
the  fluorescence  temperature  agrees  within  a  few  percent  with  the  ther¬ 
mocouple  value. 

Finally  we  note  two  very  recent  activities,  both  of  which  are  at  an 
early  stage.  The  first  effort  Involves  broadening  the  operating  range  of 
the  ring  laser  to  Include  wavelengths  outside  the  current  range  of  292- 
309  nm.  The  approach  being  considered  is  to  use  angle-tuned  (rather  than 
temperature-tuned)  phase  matching,  with  a  lithium  lodate  doubling  crys¬ 
tal.  This  work  is  still  in  the  planning  phase.  The  second  topic  is  an 
exploratory  study  in  which  we  hope  to  demonstrate  laser- induced  fluo¬ 
rescence,  using  wavelength  modulation,  in  shock-heated  gases.  Such 
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Best-fit  Voigt  profiles  and  inferred  temperatures  for  absorption  and 
fluorescence  records  of  OH  in  a  CH4/air  flame.  The  inferred  temperatures 
(Tah  and  )  are  seen  to  agree  well  with  the  thermocouple  values  (T*.„)  . 


measurements  offer  prospects  for  determining  electronic  quench  rates  in 
high  temperature  gases.  Necessary  shock  tube  modifications  have  now  been 
completed  and  experiments  should  begin  shortly. 
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2*3  Quantitative  Flow  Viauallzatloa 
Introduction 

The  utility  of  flow  visualization  as  a  diagnostic  in  studies  of 
fluid  aechanics  and  coabustion  is  well  established.  Until  recently, 
however,  most  visualization  techniques  have  been  qualitative  and  based 
on  line-of-slght  approaches  poorly  suited  for  flows  with  three-dimen¬ 
sional  characteristics.  With  the  recent  development  of  laser-based  light 
scattering  techniques,  it  has  become  possible  to  obtain  spatially  and 
temporally  resolved  quantitative  records  of  flow  properties  throughout  a 
plane  (and  ultimately  throughout  a  volume)  using  sheet  illumination  and 
a  scattering  technique  such  as  Raman,  fluorescence  or  Mie  scattering. 
Work  along  these  lines  is  now  in  progress  at  Stanford,  Yale,  SRI,  Sandia 
(Livermore),  and  the  Aeropropulslon  Lab  at  Wright  Field.  As  an  example 
of  the  capability  of  these  new  methods,  in  our  laboratory  at  Stanford  we 
are  now  able  to  make  instantaneous  (8  nsec),  multiple-point  (10^  flow- 
field  points)  measurements  of  species  (OH,  NO  and  Na)  in  a  variety  of 
laboratory  flames  using  planar  laser-induced  fluorescence  (PLIF).  The 
sensitivity  demonstrated  thus  far  with  molecular  species  is  in  the  10 's 
of  ppm  range,  with  spatial  resolution  typically  much  better  than  1  mm. 
Of  equal  Importance,  we  have  recently  demonstrated  variations  of  this 
approach  which  yield  temperature  (see  below)  and  velocity  (see  Section 
2.4)  at  multiple  points  without  particle  seeding.  In  addition  we  are 
beginning  to  combine  PLIF  visualization  with  Mie  scattering  techniques 
for  studies  in  burning  sprays  (see  below).  These  new  techniques  provide 
significant  advances  in  measurement  capability  with  potential  scientific 
Impact  extending  well  beyond  the  field  of  combustion  for  which  the 
methods  were  originally  developed. 

Scientific  Merit 

This  is  a  fast-moving  area  of  research  with  the  potential  to  stimu¬ 
late  scientific  advances  in  several  fields,  including  but  not  limited  to 
fluid  mechanics,  combustion  and  plasma  sciences.  Development  of  these 
visualization  techniques  may  also  contribute  to  related  technologies, 
such  as  lasers  and  image  processing,  and  provide  fundamental  data  for 


fields  such  as  spectroscopy.  Our  goals  are:  (1)  to  establish  means  off 
acquiring  and  processing  orders-of-magnitude  more  information  (data)  on 
flows  than  can  be  obtained  with  single-point  measurements;  (2)  to  estab¬ 
lish  techniques  for  visualizing  quantities  (such  as  pressure  and  vortic- 
lty)  not  previously  available  with  optical  methods;  and  (3)  to  establish 
methods  for  simultaneous  measurements  of  multiple  flowfield  parameters 
and  their  fluctuating  values.  In  order  to  develop  advanced  diagnostic 
systems  with  such  potential,  we  must  meet  a  number  of  interdisciplinary 
scientific  challenges  ranging  from  innovation  of  novel  physical  sensing 
processes  to  solution  of  problems  Involving  the  processing,  display  and 
even  the  interpretation  of  such  expanded  data  sets.  A  new  aspect  of  our 
work  will  be  to  establish  data  bases  for  selected  flows,  with  the  aim  of 
stimulating  the  development  of  models  which  exploit  the  2-d  data  pro¬ 
vided  by  PLIF. 

Status  Report 

Our  work  on  quantitative  visualization  using  planar  laser-induced 
fluorescence  has  been  detailed  in  a  series  of  papers  and  reports  (see 
list  at  end  of  this  section),  and  so  here  we  focus  only  on  very  recent 
activities  not  yet  available  in  the  literature.  For  convenience  and 
clarity  we  provide  separate  status  reports  on:  Species  Visualization, 
Temperature  Visualization,  Spray  Flame  Visualization,  and  System 
Improvements . 

(a)  ^pecies_  Vijualizat^on^ 

Previously  we  have  applied  PLIF  to  visualize  OH,  Na,  NO  and  I2  in 
several  flows.  Recently  we  have  worked  to  develop  measurement  capability 
for  O2  and  C2,  as  we  discuss  briefly  below.  Molecular  oxygen  is  a  criti¬ 
cal  species  in  many  combustion  studies,  but  is  usually  considered  to  be 
inaccessible  by  optical  techniques  as  it  absorbs  strongly  only  in  the  UV 
below  200  nm.  In  addition,  fluorescence  is  known  to  be  weak  owing  to 
strong  predissociation  effects.  Two  factors  may  mitigate  this  conven¬ 
tional  viewpoint:  (1)  the  recent  development  of  tunable  VUV  laser 
sources,  particularly  exdmer  and  Raman-shifted  excimer  lasers;  and  (2) 
the  fact  that  absorption  transitions  of  Interest  in  characterizing  high 


temperature  gas  systems  may  be  relatively  free  of  absorption  interfer¬ 
ences  from  layers  of  colder  oxygen  present  in  air. 

Over  the  past  year  we  have  performed  a  literature  survey  to.  famil¬ 
iarize  ourselves  with  relevant  past  work,  and  we  have  developed  computer 
codes  to  allow  prediction  of  O2  absorption  and  fluorescence  spectra  as  a 
function  of  temperature  and  of  excitation  wavelength.  The  calculations 
are  complex  and  will  not  be  described  here,  but  in  summary  we  find  that 
absorption/f luorescence  using  either  an  ArF  excimer  laser  at  193  nm  or 
Raman-shifted  ArF  at  179  nm  appears  quite  promising  for  detecting  O2 
over  a  range  of  temperatures.  Our  confidence  in  this  idea  was  further 
increased  with  a  recent  1984  paper  by  Massey  at  UC  San  Diego  who  demon¬ 
strated  single-point  LIF  measurements  of  O2  number  density  and  temper¬ 
ature,  in  a  static  cell  near  room  temperature,  using  two  tunable  ArF 
lasers.  We  are  now  working  actively  toward  laboratory  experiments  of  our 
own  to  develop  an  O2  visualization  scheme,  and  at  the  same  time  we  are 
investigating,  by  computer  calculations  with  our  O2  spectroscopy  pro¬ 
gram,  candidate  schemes  for  visualizing  temperaure,  pressure  and  O2  mole 
fraction  based  on  O2  fluorescence. 

Our  Interest  in  visualizing  C2  stems  from  its  possible  use  in 
monitoring  combustion  flame  fronts  (often  accompanied  by  radical  over¬ 
shoots)  in  gaseous  diffusion  flames  and  in  burning  fuel  sprays.  Hie 
status  of  the  work  is  that  single-point  LIF  measurements  have  recently 
been  made  in  Cjf^-air  flames,  and  optimum  wavelengths  for  excitation  and 
detection  have  been  established.  Currently  we  are  setting  up  to  perform 
single-point  measurements  in  a  spray  flame,  and  subsequently  we  plan  to 
attempt  PLIF  measurements. 

(b)  temperature^  Wsualization_ 

Temperature  is  a  parameter  of  obvious  importance  in  characterizing 
reacting  flowfields,  and  hence  a  scheme  for  quantitative  visualization 
of  temperature  would  have  broad  application  in  combustion  and  plasma- 
related  research.  An  ideal  temperature  visualization  scheme  would  be 
sensitive,  easy  to  calibrate,  and  would  involve,  for  simplicity,  only  a 
single  laser  source.  Although  laser-induced  fluorescence  has  been 


demonstrated  for  single-point  temperature  measurements,  and  very 
recently  (by  Svanberg  et  al.,  in  Sweden,  and  Cattolica,  at  Sandia)  for 
multiple-point  measurements,  these  workers  have  employed  two  laser 
sources  and,  as  a  result,  were  only  able  to  work  in  steady  flames.  Here 
we  report  a  PLIF  scheme  which  offers  several  advantages,  including  the 
use  of  only  one  laser  source. 

The  strategy  which  we  employ  is  to  seed  the  flow  uniformly  with  a 
non-reactive  tracer  species  such  as  NO.  Assuming  linear  (non-saturated) 
excitation  using  a  spectrally  broad  (greater  than  the  absorption  line- 
width)  pump  laser,  with  broadband  fluorescence  detection  and  a  uniform 
laser  intensity  distribution,  the  fluorescence  intensity  emanating  from 
a  point  in  the  flowfield  is  given  simply  by 

XP  *  C  ni  fvj  A/(A  +  Q)  -  C  X±  fvj/  /T  (1) 

where  C  represents  a  group  of  known  quantities,  nj  is  the  number  density 
of  the  absorber  i,  fvj  is  the  temperature-dependent  Boltzmann  fraction 
in  the  absorbing  state  (v,j),  and  A/A+Q  is  the  photon  yield  (fraction  of 
absorbed  photons  re-emitted  into  the  detection  bandwidth).  For  present 
purposes  we  assume  that  the  Einstein  coefficient  for  spontaneous  emis¬ 
sion,  A,  is  much  smaller  than  the  electronic  quench  rate,  Q,  and  that  Q 
may  be  represented  by  no  ~c  ,  where  n  is  the  total  number  density,  a  is 
an  effective  cross-section  and  "c  is  the  mean  molecular  speed  propor¬ 
tional  to  thus  A/A+Q  =  A/no  "c  .  Under  conditions  where  a  may  be 
regarded  as  a  constant,  and  using  the  symbol  for  the  mole  fraction  of 
i  (l.e.,  n^/n),  we  obtain  Eq.  (1).  Thus  if  the  mole  fraction  of  i  is 
fixed  the  fluorescence  intensity  Ip  is  a  known  function  of  temperature 
alone. 

This  approach  for  temperature  visualization  (see  Fig.  1)  has  the 
important  advantage  of  requiring  a  single  excitation  wavelength  (and 
hence  a  single  laser).  The  sensitivity  of  the  fluorescence  signal  to 
temperature  depends  on  the  quantity  fVj/  /T,  and  hence  the  lower 
level  quantum  states  v,j  (vibration,  rotation)  may  be  chosen  to  optimize 
the  signal  in  the  temperature  region  of  interest.  Calibration  may  be 


achieved  simply  if  the  temperature  is  known  at  any  flowfield  point  or 
region.  Alternatively,  if  the  function  fvj/  has  a  peak  value  within 
the  temperature  range  present  in  the  flowfield,  then  the  calibration 
factor  follows  directly  from  the  maximum  signal  observed.  This  method  is 
limited,  however,  to  flowfields  where  the  double-valued  nature  of 
fyj/  /T  versus  T  introduces  no  ambiguity.  In  general,  corrections  are 
needed  to  account  for  nonuniform  laser  illumination,  nonuniform  pixel 
responsivity  and  background  light  levels. 

A  sample  result  showing  the  temperature  contours  obtained  with  a 
single  laser  shot  (8  nsec)  in  a  rod-stabilized  flame  is  presented  in 
Fig.  2.  Here  premixed  CH^  and  air  at  atmospheric  pressure  flow  verti¬ 
cally  over  a  1.5  mm  diameter  horizontal  rod,  resulting  in  a  roughly  V- 
shaped  flame  stabilized  by  the  rod.  The  fuel  lean  (equivalence  ratio  = 
0.6)  mixture  is  seeded  with  approximately  2000  ppm  of  NO,  which  may  be 
regarded  as  non-reactive  for  these  conditions.  A  vertical  sheet  (3  cm  x 
0.2  mm)  of  laser  light  near  X  -  225.6  nm,  produced  by  mixing  the  fre¬ 
quency-doubled  output  of  a  Nd : YAG-pumped  dye  laser  with  the  residual 
1.06  pm  beam,  is  used  to  excite  a  single  line  in  the  A2E+(v»0)  + 
X  n1/2(v»0)  NO  band.  The  digital  images  of  the  fluorescence  intensity, 
emanating  from  a  10  mm  x  10  mm  region,  were  processed  to  yield  the 
temperature  contours  shown  in  Fig.  2.  For  this  case,  obtained  using  the 
Qj(22)  line  which  has  a  peak  in  the  function  fvj /  /T  at  740K,  the  cali¬ 
bration  was  achieved  by  searching  for  the  maximum  signal  (present  on 
both  sides  of  the  rod)  and  setting  the  temperature  at  these  locations  at 
740K.  Again,  use  of  different  v,j  states  allows  some  flexibility  in 
emphasizing  different  temperature  regimes. 

Current  work  with  temperature  visualization  is  directed  toward 
refining  the  experimental  set-up  and  procedures  for  this  constant  mole 
fraction  approach,  extending  its  application  to  other  flows,  and  also  to 
investigating  the  sensitivity  of  the  NO  quench  rate  to  combustion  gas 
composition  at  high  temperatures.  Alternative  approaches  utilizing  cw 
laser  excitation  are  also  under  study. 


(c)  Wju^lizat_iot^ 

During  the  past  year  we  have  initiated  new  work  to  establish  PLIF 
and  planar  Mie  scattering  (PMS)  techniques  in  evaporating  and  burning 
fuel  sprays.  We  regard  this  combined  development  of  PLIF  and  IMS  as  a 
logical  extension  of  our  effort  on  quantitative  visualization.  Further, 
the  development  of  such  capability  for  measurements  in  two-phase  flows 
is  critical  for  studies  in  practical  combustors  and  for  fundamental 
research  on  droplet  and  solid  propellant  combustion. 

Thus  far  we  have:  (1)  completed  assembly  of  a  small-scale  spray 
combustion  facility;  (2)  set  up  an  optical  arrangement  and  made  prelimi¬ 
nary  photographic  and  photodiode  array  measurements  of  Mie  scattering 
with  laser  sheet  illumination;  (3)  performed  Mie  scattering  calculations 
to  aid  in  the  interpretation  of  PMS  measurements;  and  (4)  begun  design 
of  the  optical  arrangement  for  PLIF  species  and  temperature  visualiza¬ 
tion  in  the  spray  burner  facility. 

A  schematic  diagram  and  some  representative  PMS  results  for  a 
burning  spray  are  shown  in  Fig.  3.  The  fuel  was  n-heptane,  flowing  at  a 
rate  of  about  0.2  gallons/hr  from  an  air-atomizing  siphon  nozzle 
(Delevan),  and  the  size  of  the  region  imaged  was  about  10  cm  x  10  cm. 
Pulsed  illumination,  freezing  the  flow,  was  provided  by  a  Nd : YAG-pumped 
dye  laser  operating  near  590  nm.  In  the  case  of  the  photographic  record, 
the  image  is  acquired  with  a  1-2  second  exposure  which  includes  10-20 
individual  laser  pulses  (each  of  which  freezes  the  flow)  and  accumulated 
flame  emission,  while  in  the  case  of  the  unintensified  photodiode  array 
the  image  is  for  a  single  pulse  and  flame  emission  is  excluded  with  a 
filter. 

The  significance  of  this  initial  work  is  to  confirm  the  feasibility 
of  PMS  recording  of  sprays,  using  a  photodiode  array  and  in  the  presence 
of  combustion,  and  to  indicate  the  utility  of  this  approach  for  deter¬ 
mining  droplet  spacing  and  density.  (It  should  be  noted  that  the  current 
approach  does  not  provide  droplet  sizing  information.)  Our  goal  is  to 
establish  the  capability  for  simultaneous  PMS  droplet  distribution 
measurements  and  PLIF  measurements  of  key  species  and  temperature  in 
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burning  sprays.  Such  new  capability  should  enable  important  advances  in 
spray  combustion  research. 

(d)  ^System  improvements 

A  major  activity  during  the  past  year  haa  been  to  specify  and  to 
begin  assembly  of  two  second-generation  solid-state  camera  systems  and  a 
facility  for  processing  image  data.  In  our  early  work  on  quantitative 
visualization  we  were  forced  to  design  and  assemble  a  one-of-a-kind 
Intensified  camera  and  display  system,  using  components  drawn  from  a 
number  of  commercial  sources  and  solving  a  number  of  interfacing  and 
software  problems  on  our  own.  This  system  was  suitable  for  demonstrating 
feasibility  of  PLIF  imaging  in  a  variety  of  reacting  flows,  but  it  also 
had  several  deficiencies  and  was  not  well  suited  for  adoption  by  user- 
oriented  researchers  Interested  in  acquiring  similar  capability.  With 
the  award  of  a  DOD  equipment  grant  for  1984/85,  we  were  able  to  begin  to 
upgrade  our  system  and  to  capitalize  on  the  improved  performance,  avail¬ 
ability  and  compatibility  of  commercial  sub-systems. 

A  schematic  diagram  of  our  planned  image  acquisition  and  processing 
facility  is  shown  in  Fig.  4.  Items  not  yet  delivered  or  specified  are 
Indicated  with  asterisks.  The  facility  will  be  housed  in  the  High  Tem¬ 
perature  Gasdynamics  Laboratory  (HTGL)  at  Stanford  with  the  VAX-750 
located  in  the  HTGL  computer  center  and  the  three  camera  systems, 
located  in  separate  laboratory  rooms,  linked  via  an  Ethernet.  The  VAX- 
750  will  also  eventually  be  linked  via  Stanford's  own  network  (S.U.  Net) 
to  other  computers  and  image  processing  facilities  on  campus.  We  expect 
our  facility  to  be  fully  operational  in  six  months. 

For  purposes  of  this  discussion,  we  consider  the  facility  to  consist 
of  three  components:  detector  arrays;  dedicated  microcomputers  for 
camera  control,  data  acquisition  and  preprocessing  of  data;  and  the 
central  image  processing  computer.  Key  characteristics  of  these  comp¬ 
onents  and  arguments  for  the  specific  items  selected  are  given  below. 

The  selection  of  the  VAX-750  as  the  image  processing  computer  was 
prompted  primarily  by  arguments  of  cost,  compatibility  with  other  com¬ 
puters  on  campus,  and  availability  of  peripherals  and  software  for 


image  processing,  display  and  output.  Ve  were  able  to  acquire  a  complete 
new  VAX-750  system  for  only  $60,000,  and  to  this  we  plan  to  add  an  array 
processor  for  fast,  efficient  processing  of  image  data.  The  large  ninber 
of  VAX  systems  on  campus  including  several  used  for  image  processing 
applications  will  result  in  shared  expertise  and  software  and  a  guaran¬ 
teed  connection  to  the  S.U.  Network.  Other  research  groups  active  In 
combustion  research  and  flow  imaging,  including  nearby  Sandia  Laborator¬ 
ies  (Livermore)  also  employ  VAX  systems,  and  we  expect  to  benefit  from 
exchanges  of  information  and  software  from  these  groups  as  well. 

Our  goals  for  the  solid-state  cameras  were  to  improve  performance 
and  ease  of  operation.  Key  performance  parameters  are  noise  level, 
spatial  resolution  and  repetition  (framing)  rate.  We  opted  for  two 
separate  systems,  one  with  low  noise  and  high  spatial  resolution,  and 
one  with  programmable  framing  rate  capability.  (We  call  the  former  the 
High  Resolution/High  Dynamic  Range  System  and  the  latter  the  Programm¬ 
able  High  Speed  System.)  The  virtues  of  the  low  noise  system  are  evident 
in  Fig.  5  which  plots  slgnal-to-noise  ratio  versus  input  photons  per 
pixel  (i.e.,  the  "signal'')  for  four  separate  arrays:  intensified  and 
unintensified  Retlcon  arrays,  ((100  x  100)  or  (128  x  128)],  and  two 
cooled  CCD  arrays  (Thomson,  384  x  576),  one  with  a  standard  amplifier 
and  one  with  a  special  low-noise  amplifier.  The  dashed  line  is  the 
theoretical  performance  limit  set  by  shot  noise  statistics.  The  right- 
hand  boundary  of  the  curves  (at  2.5  x  10^  photons/pixel  for  the  Retlcon 
array  and  1.0  x  10*>  for  the  Thomson  CCD  array)  are  saturation  levels 
beyond  which  the  system  becomes  nonlinear. 

We  see  that  the  High  Resolution/High  Dynamic  Range  System  (based  on 
the  Thomson  CCD  with  a  "standard”  amplifier)  offers  superior  S/N  over 
the  Programmable  High  Speed  System  (based  on  an  intensified  Retlcon  128 
x  128)  for  light  levels  above  200  photons  per  pixel.  The  curves  plotted 
are  a  reminder  that  if  we  seek  a  high  S/N  to  enable  detection  of  small 
changes  in  flowfield  properties,  it  will  be  necessary  to  perform  experi¬ 
ments  with  light  levels  near  their  saturation  values.  At  saturation,  the 
cooled  CCD  will  yield  a  maximum  S/N  of  1000  while  the  intensified 
Retlcon  is  limited  to  about  100.  We  regard  this  improvement  as  critical 


for  many  experiments,  for  example  in  turbulence  studies  where  it  may  be 
essential  to  detect  small  changes  in  signal  level.  As  can  be  seen  in 
Fig.  5,  the  CCD  system  equipped  with  a  custom  low-noise  amplifier 
actually  outperforms  the  intensified  Reticon  at  all  light  levels,  and  it 
is  unintensified,  which  offers  significant  cost  and  operational 
advantages.  The  CCD  array  cryogenics  system  and  camera  controller  have 
been  ordered  as  a  packaged  system  from  Photometries. 

In  addition  to  the  S/N  advantages  of  the  CCD  system,  the  array 
architecture  and  camera  controller  appear  to  offer  important  advantages 
for  analog  processing  (averaging)  of  pixel  groups,  and  "scrolling'*  and 
"tracking"  of  data  between  exposed  and  unexposed  pixels  for  fast,  burst¬ 
mode  recording  of  multiple  exposures  on  a  single  frame.  (Actually,  the 
architecture  is  a  double  array,  384  x  576  +  384  x  576,  which  provides 
capacity  for  "buffer"  storage  of  data.)  In  contrasting  a  CCD-based 
system  to  an  intensified  Reticon  system  the  primary  disadvantages  are: 
the  need  to  Interface  the  CCD  camera  to  its  dedicated  microcomputer, 
since  this  has  not  been  done  previously;  the  lack  of  ultraviolet  sensi¬ 
tivity  with  CCD  detectors;  and  the  low  framing  rate  (~10  sec/frame) 
required  to  achieve  ultra-low-noise  performance  with  the  CCD  system.  We 
are  working  together  with  Photometries  on  the  problem  of  Interfacing  the 
CCD  camera  to  the  IBM  PC/AT  microcomputer  so  that  there  is  a  good  chance 
that  our  combined  efforts  will  lead  to  a  complete  IBM  PC/AT  and  cooled 
CCD  system  as  a  standard  package  from  Photometries.  Such  an  off-the- 
shelf,  modern  and  powerful  system  should  be  reasonably  priced  (no  inten- 
sifler  required;  savings  of  $20,000)  and  would  expedite  adoption  of 
quantitative  flow  visualization  techniques  by  user-oriented  groups.  To 
provide  the  CCD  system  with  ultraviolet  viewing  capability,  we  are 
investigating  coating  the  detector  with  a  material  that  absorbs  ultra¬ 
violet  radiation  and  reemits  fluorescence  radiation  in  the  visible;  such 
materials  are  known  as  "waveshifters". 

Our  decision  to  proceed  in  parallel  with  a  programmable  high-speed 
intensified  Reticon  camera  (128  x  128)  was  based  in  part  on  our  previous 
experience  with  such  an  array  and  the  improved  availability  of  packaged 
system  components  from  Mlcrotex,  a  vendor  which  has  produced  buffer 


memory  and  camera  controller  system  components  for  us  In  the  past. 
Mlcrotex  now  seeks  to  market  a  complete  system  (including  everything  in 
the  dashed  box  in  Fig.  4  labeled  Programmable  High  Speed  System),  which 
relies  heavily  on  our  experience  at  Stanford.  The  system  components  we 
plan  to  acquire  from  Microtex  are  similar  to  those  now  on  order  by  other 
groups  at  Volvo,  UTRC,  GM  Research  Labs  and  Yale  University,  and  will 
enable  programmable  trade-offs  between  framing  rate  and  the  number  of 
pixels  up  to  a  rate  of  2  kHz. 


Finally,  with  regard  to  the  dedicated  microcomputers  for  each 
camera,  we've  opted  for  the  new  DEC  Micro-Vax  with  the  Programmable  High 
Speed  System,  since  Microtex  will  be  basing  its  newest  system  on  that 
computer,  and  we've  selected  the  IBM  PC/AT  because  of  its  high 
performance/cost  figure,  the  expected  wide  availability  of  peripherals 
and  software  for  the  machine,  and  our  cooperation  with  Photometries  to 
develop  a  packaged,  advanced  performance  camera  system  Interfaced  with 
the  PC/AT. 


Finally,  we  should  note  one  other  system  Improvement  currently  in 
progress,  namely  the  installation  and  testing  of  our  new  250  Hz  excimer- 
p umped  dye  laser  system  which  will  serve  as  a  high-repetition-rate 
source  for  imaging.  He  found  that  the  laser  system  delivered  met  our 
specifications  for  power  and  repetition  rate,  but  the  beam  quality  was 
not  suitable  for  laser  sheet  illumination  work.  Accordingly,  we  recently 
Installed  unstable  resonator  optics  on  the  excimer,  and  this  change 
seems  to  produce  the  desired  uniform  sheet  beam.  He  anticipate  the 
system  will  be  fully  operational  within  60  days. 
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2*4  Velocity  Visualization 
Introduction 


Velocity  measurements  provide  essential  input  for  many  fundamental 
and  applied  fluid  mechanics  studies.  At  present,  hot  wire  anemometry  and 
laser  Doppler  anemometry  are  the  most  commonly  used  techniques.  Both 
methods  have  advantages  and  disadvantages,  but  in  particular  they  are 
single-point  diagnostics.  Clearly,  a  technique  yielding  simultaneous 
multiple-point  velocity  data  would  represent  a  significant  diagnostics 
contribution  and  could  stimulate  important  advances  in  many  areas 
involving  fluid  flow. 

Our  effort  in  this  area  was  prompted  in  part  by  our  success  in 
visualizing  species  at  multiple  points  in  a  flow  (see  Section  2.3)  and 
the  growing  recognition  that  combinations  of  flowfield  quantities  (e.g., 
species,  temperature,  pressure  and  velocity)  may  eventually  be  needed  to 
test  advanced  flow  models.  Accordingly,  in  1982  we  initiated  a  new 
effort  to  "visualize  velocity",  i.e.  to  measure  velocity  at  a  large 
number  of  spatially  resolved  flowfield  points  leading  to  a  computer 
display  of  velocity. 

During  this  reporting  period,  work  has  proceeded  on  two  schemes.  The 
first  method  is  based  on  the  Doppler  effect  and  involves  monitoring  the 
broadband  fluorescence  from  a  sheet-illuminated  flow  using  a  Reticon 
array.  The  flow  is  seeded  with  a  tracer  species  and  a  narrow-linewidth 
laser  source  is  used  to  excite  a  specific  wavelength  within  a  single 
absorption  line  of  the  tracer  species.  The  fluorescence  from  a  given 
flowfield  point  mirrors  the  absorption  occurring  there,  which  for  a 
uniformly  seeded  flow  may  depend  primarily  on  the  position  of  the  laser 
wavelength  within  the  absorption  lineshape.  Since  the  apparent  laser 
frequency  shifts  with  fluid  velocity  due  to  the  Doppler  effect,  the 
amount  of  absorption  (and  hence  fluorescence)  is  a  measure  of  velocity. 

The  second  scheme,  which  has  been  investigated  just  recently, 
involves  "marking”  specific  elements  of  the  flow  using  laser-excited 
phosphorescence.  Subsequent  motion  of  the  marked  elements  is  observed  on 
our  Intensified  photodiode  array.  A  variation  of  this  scheme  involving 
laser-induced  formation  of  particulates  (which  can  be  tracked  by  Mie 
scattering)  has  also  been  Investigated. 
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Scientific  Merit 


The  Importance  of  velocity  as  a  fluid  flow  parameter  is  obvious,  and 
so  the  discovery/establishment  of  an  improved  velocity  diagnostic  offers 
broad  potential  for  improved  scientific  understanding  of  fluid  flows.  A 
successful  multiple-point  diagnostic,  in  particular,  would  represent  a 
sufficiently  large  advance  in  measurement  capability  as  to  enable  first¬ 
time  observations  of  various  flow  phenomena  and  possible  discovery  of 
unexpected  features. 

One  of  the  techniques  proposed,  based  on  the  velocity  modulation 
(Doppler  shift)  of  molecular  absorption  lines,  offers  prospects  for  a 
significant  improvement  over  conventional  laser  Doppler  (particle 
seeding)  anemometry  for  supersonic  flows,  flows  near  surfaces  (boundary 
layers)  and  flows  with  high  acceleration  or  deceleration  where  particle 
lag  is  a  serious  problem.  Furthermore,  multiple-point  recording  of 
velocity,  and  subsequent  evaluation  of  velocity  gradients,  offers  pros¬ 
pects  of  yielding  images  of  vorticlty,  a  fundamental  flowfield  variable 
of  growing  importance  in  current  fluid  meachanlcs  modeling. 

Status  Report 

This  research  is  still  in  its  early  stages.  We  have  conceived  and 
investigated  several  promising  approaches  for  multiple-point  velocity 
measurements,  and  we  have  selected  two  of  these  approaches,  Doppler- 
shifted  absorption  and  laser  marking,  for  laboratory  study. 

The  strategy  of  the  velocity-modulated  molecular  absorption  tech¬ 
nique  is  based  on  detection  of  fluorescence  from  a  Doppler-shifted 
absorption  line  of  a  tracer  species  excited  by  a  nar row-1 inewidth  laser 
source.  Iodine  (l£)  vapor  has  been  used  in  the  work  thus  far  (because  it 
conveniently  absorbs  the  light  at  visible  wavelengths  of  tunable  Ar+  and 
cw  dye  lasers),  although  the  method  is  quite  general.  Velocity  measure¬ 
ments  in  l2~8eeded,  low  temperature  flows  have  now  been  demonstrated  for 
both  supersonic  and  subsonic  cases,  using  somewhat  different  procedures. 
Details  of  the  apparatus,  procedures  and  results  are  available  in  publi¬ 
cations  1,2, 5, 6  and  7  cited  below. 


A  sketch  of  the  arrangement  and  typical  results  for  velocity  in  the 
centerplane  of  a  subsonic  nitrogen  round  jet  are  shown  in  Fig.  1.  I2  is 
seeded  into  the  flow  at  a  trace  level  of  about  300  ppm.  A  sheet  of  cw 
single  mode  Ar+-laser  light,  tuned  to  a  frequency  in  the  wing  of  the 
overlapping  P(13)/R(15)  lines  of  I2  ((43,0)  band  at  514.5  nm),  is  inci¬ 
dent  at  an  angle  of  45°  to  the  jet  centerline.  An  intensified  photodiode 
array  (100  x  100)  camera,  imaging  the  plane  of  illumination,  records  the 
broadband  fluorescence  emanating  from  each  of  the  10^  imaged  locations. 
The  fluorescence  signal  from  each  point  is  proportional  to  the  amount  of 
light  absorbed  at  that  point,  which  in  turn  depends  on  the  extent  of  the 
local  velocity-induced  Doppler  shift  of  the  absorption  line  relative  to 
the  fixed  laser  frequency  (see  Fig.  2). 

In  our  initial  work,  we  utilized  a  single  laser  frequency  and  two 
angles  of  illumination  (to  determine  two  independent  velocity  compo¬ 
nents)  ,  but  recently  we  have  implemented  an  important  improvement  based 
on  a  two-frequency  strategy  (see  Fig.  2).  In  brief,  we  utilize  an 
acousto-optic  device  to  convert  the  single-mode  laser  output  to  two 
discrete  laser  frequencies  separated  by  100  MHz.  With  this  scheme, 
simple  differences  in  the  signals  from  forward  and  counterpropagating 
sheets  (at  a  single  angle),  normalized  by  the  difference  in  the  mean 
(unshifted)  signals  at  the  two  frequencies,  leads  directly  to  the  veloc¬ 
ity  component  for  that  angle.  This  scheme  is  self-calibrating  and  elimi¬ 
nates  the  previous  requirement  to  know  (by  external  calibrations)  the 
absorption  lineshape  function.  Details  of  this  Improved  approach  are 
given  in  a  recent  paper  (number  5  on  the  list  below). 

The  present  scheme  thus  uses  four  camera  frames,  one  for  each  of 
four  sheets  of  light,  i.e.  forward  and  counterpropagating  sheets  at  each 
of  two  angles  (±  45°  relative  to  the  jet  axis)  in  the  centerplane,  to 
allow  determination  of  the  velocity  vector  in  the  centerplane  of  the 
flow.  Although  the  time  required  to  complete  the  four  measurements  was 
about  0.4  seconds  in  these  experiments,  much  shorter  measuremer  times 
are  feasible.  The  sensitivity  of  the  method,  currently  a  few  m/s,  indi¬ 
cates  the  capability  of  the  4-beam  technique  to  probe  a  variety  of  low 
and  high  Mach  number  flowfields.  The  simplicity  of  the  scheme  should 
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TWO-FREQUENCY  STRATEGY  FOR  VELOCITY  VISUALIZATION 


lend  Itself  to  fast  on-line  data  processing.  The  excellent  spatial 
resolution  which  can  be  achieved  is  an  Intrinsic  feature  of  laser- 
induced  fluorescence  techniques.  Further  improvements  are  being  directed 
toward  simplifying  the  experimental  set-up,  improving  temporal  reso¬ 
lution,  and  developing  a  strategy  for  simultaneously  inferring  pressure 
from  the  two-frequency  velocity  data.  Experiments  in  combusting  flows 
using  naturally  occurring  or  seeded  species  are  also  planned. 

With  regard  to  our  second  velocity  project,  utilizing  laser  marking, 
an  initial  series  of  feasibility  experiments  using  laser-induced  phos¬ 
phorescence  has  been  successfully  completed  (see  Fig.  3).  The  seed 
material  used  was  biacetyl  (also  known  as  2,3-butanedione) ,  which  has  a 
conveniently  large  vapor  pressure  (about  40  torr  at  room  temperature) 
and  readily  separated  fluorescence  (short-lived)  and  phosphorescence 
(long-lived)  emission  spectra.  A  schematic  diagram  of  the  set-up  and 
sample  results  for  flow  through  a  slot  are  given  in  Fig.  3.  Details  are 
available  in  our  recently  submitted  paper  (see  number  3  in  the  publica¬ 
tion  list  below).  A  variation  of  this  scheme  involving  laser-induced 
formation  of  particulates  (which  can  be  tracked  by  Mie  scattering)  has 
also  been  investigated.  Details  of  that  work,  using  sulfur  hexafluoride 
(SF6)  with  excitation  by  Nd:YAG  at  1.06  pm,  have  also  been  published 
(see  paper  4  below). 
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Introduction 


I.. 


Diagnostics  for  Energy  Conversion  Research 


An  emerging  element  of  our  overall  program  is  research  on  plasma 
diagnostics  which  will  be  of  subsequent  use  in  fundamental  research  on 
plasmas  and  in  studies  of  various  plasma-related  energy  conversion 
schemes . 

Primary  motivation  for  this  work  arises  from  renewed  interest  in 
advanced  space  power  and  propulsion  systems  which  may  involve  plasmas. 
Among  the  systems  under  consideration  are  thermionic  converters  and  MHD 
generators  for  electrical  power  generation,  MPD  thrusters  and  beamed 
laser  energy  for  propulsion,  and  direct  production  (in  space)  of  high- 
power  laser  radiation  for  beamed  energy.  Considerable  research  will  of 
course  be  needed  before  optimum  systems  for  space  utilization  are  iden¬ 
tified,  developed  and  placed  in  service,  and  we  believe  that  advanced 
diagnostics  can  play  an  important  role  in  such  research.  Furthermore, 
the  initiation  of  work  on  plasma  diagnostics  forms  a  logical,  efficient 
extension  of  our  current  program. 

Scientific  Merit 

This  research  seeks  to  provide  new  diagnostic  methods  for  use  in 
studies  of  plasma  properties  and  plasma  phenomena.  The  merit  of  our  work 
rests  on  the  growing  significance  of  plasma  sciences  in  connection  with 
Air  Force  activities  and  interests,  and  also  on  the  critical  role  which 
advanced  diagnostics  can  play  in  facilitating  basic  and  applied  research 
in  this  area.  The  techniques  which  we  plan  to  pursue  are  novel  and  offer 
potential  for  significantly  enhancing  diagnostics  capabilities  in 
ionized  gases.  We  intend  to  coordinate  this  work  closely  with  other  OSR- 
sponsored  work  on  plasma  sciences  underway  in  our  laboratory,  and  we 
expect  the  scientific  merit  and  relevance  of  the  work  to  be  enhanced  by 
these  interactions. 
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This  research  is  still  in  an  early  stage  and  our  work  has  consisted 
primarily  of  literature  reviews,  paper  studies  of  candidate  diagnostic 
techniques  and  plasma  facility  assembly.  On  the  basis  of  this  background 
work,  we  have  narrowed  our  selection  of  diagnostics  topics  to  three 
rather  broad  areas:  (1)  quantitative  visualization  of  plasmas  using 
PLIF,  i.e.  simultaneous  multiple-point  laser-induced  fluorescence  meas¬ 
urements  or  imaging  of  plasma  parameters  such  as  species  concentration 
(including  ions  and  electrons),  temperature  and  electric  field  strength; 
(2)  wavelength  modulation  spectroscopy  using  laser  absorption  and/or 
fluorescence;  and  (3)  other  laser  scattering  concepts.  To  put  our  work 
in  focus,  we  are  particularly  interested  in  techniques  which  have 
promise  for  measurements  with  high  spatial  resolution,  for  example  near 
electrodes  and  boundaries  where  discharge  and  erosion  phenomena  are  of 
importance,  and  in  finding  new.  Improved  methods  for  quantities  such  as 
temperature,  electron  number  density,  ion  species  concentrations  and 
electric  field  strength. 

A  block  diagram  indicating  the  laser  systems  to  be  employed,  the 
techniques  of  Interest,  and  the  plasma  systems  to  be  studied,  is  given 
in  Fig.  1.  Two  of  the  three  laser  systems  indicated,  providing  tunable 
cw  dye  laser  radiation  (280-700  nm,  with  some  gaps)  and  tunable  pulsed 
dye  laser  radiation  (220-900  nm),  are  already  on  hand.  We  also  hope  to 
provide  new  capability  to  access  tunable  vacuum  ultraviolet  (VUV)  wave¬ 
lengths  by  adding  a  Raman  shifter  (cell  of  Hj  at  high  pressure)  to  our 
pulsed  dye  laser.  This  addition,  to  be  proposed  for  FY  86,  will  allow 
access  to  the  absorption/fluorescence  spectra  of  a  variety  of  atomic 
species  of  importance  in  plasma  and  electrode  phenomena  studies. 

We  plan  to  conduct  research  in  two  widely  separate  plasma  regimes: 
low-pressure  discharges  (probably  RF  powered)  and  high-pressure  arcs 
(using  Induction  heating).  The  low  pressure  facility  is  now  complete 
except  for  the  power  supply.  In  brief,  the  viewing  chamber  is  a  stain¬ 
less  steel  box,  with  windows  on  all  four  sides,  and  electrodes  mounted 
on  removable  top  and  bottom  plates.  The  chamber  is  coupled  to  an  inlet 
gas  manifold,  for  varying  the  input  gas  composition  and  flow  rate. 
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Fig.  1  Laser  Systems  and  Techniques  for  Plasma  Diagnostics  Research. 

and  to  a  vacuum  pump.  We  have  paid  particular  attention  to  optical 

access  so  that  we  will  be  able  to  demonstrate  the  ability  to  measure 

with  high  spatial  resolution  near  surfaces  (electrodes)  and  with  high 
temporal  resolution  In  transient  discharges. 

With  regard  to  the  high-pressure  facility,  we  were  fortunate  to  be 
able  to  recently  acquire  (on  surplus;  shipping  costs  only)  two  high- 
power  (25  and  50  kW)  induction-heating  power  supplies.  These  systems, 
which  are  currently  being  installed  in  our  laboratory,  will  provide 

nearly  ideal  capability  for  diagnostics  studies  and,  subsequently, 
research  on  a  variety  of  plasma  sciences  topics  (e.g.,  plasma  pro¬ 

cessing,  for  powders  and  gases;  laser-plasma  interactions  and  energy 
transfer;  and  non-equilibrium  aspects  of  plasmas).  Important  advantages 
of  induction-heated  plasma  production  are:  the  convenient  optical 
access,  the  wide  range  of  allowed  plasma  materials,  and  the  absence  of 
contaminating  electrodes.  A  schematic  diagram  of  the  induction-heated 
plasma  torch,  listing  some  of  the  key  features,  is  presented  in  Fig.  2. 


The  status  of  our  work  on  diagnostics  is  that  we  have  reviewed  a 
variety  of  candidate  measurement  ideas,  leading  to  the  three  categories 
of  techniques  noted  above,  and  have  decided  to  proceed  initially  with 
category  (1),  namely  planar  laser-induced  fluorescence  (PLIF)  plasma 
measurements.  Once  our  plasma  torch  is  functional,  we  plan  to  set-up  a 
PLIF  system  and  establish  procedures  for  monitoring  the  properties  of 
interest:  ion  concentrations,  temperature  and  electron  number  density. 
As  an  example,  our  plan  for  electron  density  (ng)  is  to  make  use  of  the 
known  relationship  between  the  Stark-broadened  absorption  lineshape 
function  and  ng.  We  intend  to  excite  two  different  wavelengths  within  a 
specific  absorption  line,  and  to  use  the  ratio  of  the  two  resulting  L1F 
signals  (at  each  flowfield  point  or  pixel)  to  establish  ng.  Some  calcu¬ 
lations  to  select  optimum  wavelength  positions  within  a  line,  and  to 
select  suitable  species  and  transitions,  will  be  needed  to  guide  the 
experiments.  In  most  respects,  the  experimental  PLIF  arrangement  will  be 
similar  to  that  employed  in  our  combustion  research. 

There  is  of  course  a  requirement  to  match  the  wavelengths  of  the 
exciting  laser  system  with  the  absorption  spectra  of  molecules  of  inter¬ 
est,  and  so  our  initial  experiments  will  be  influenced  by  the  tunable 
laser  sources  currently  in  our  laboratory.  More  specifically,  we  plan  to 
utilize  both  our  tunable  cw  dye  laser  (which  can  provide  narrow- 
linewidth  output  in  the  ranges  \  *  280-310  nm,  340-345  nm  and  about  500- 
700  nm)  and  our  tunable  pulsed  dye  laser  (broadband  output  in  the  range 
\  *  220-900  nm)  as  laser  sources  in  PLIF  experiments.  In  addition,  we 
hope  to  acquire  a  Raman  shifter,  to  be  pumped  by  either  our  pulsed  dye 
laser  or  our  excimer  laser  itself,  which  will  provide  access  to  wave¬ 
lengths  in  the  VUV.  A  curve  based  on  preliminary  calculations  of  output 
pulse  energy  versus  wavelength  is  shown  in  Fig.  3.  Note  that  we  expect 
to  be  able  to  reach  all  wavelengths  down  to  about  160  nm  with  a  pulse 
energy  of  at  least  1  microjoule.  Using  fixed-frequency  excimer  lines  we 
can  generate  higher  pulse  energies  at  discrete  wavelengths.  The  values 
shown  correspond  to  the  specifications  of  our  excimer  and  excimer-pumped 
dye  laser.  We  are  presently  carrying  out  a  survey  of  absorption  spectra 
of  relevant  compounds  which  fall  in  this  spectral  region.  Further  liter¬ 
ature  searches  regarding  spectra  of  relevant  atoms  and  molecules  will  be 
carried  out  as  part  of  this  research. 
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Fig.  3  Output  energy  per  pulse  for:  discrete  wavelengths 
produced  by  Raman  shifting  EMC  203  excimer  laser; 
and  continuous  wavelengths  produced  by  Raman  shifting 
F2002  pulsed  dye  laser. 

The  second  category  of  techniques  to  be  explored  is  wavelength 
modulation  spectroscopy.  Our  ideas  here  are  not  yet  well  defined,  but  in 
brief  we  wish  to  explore  the  utility,  for  plasmas,  of  the  same 
approaches  we  are  currently  establishing  for  combustion  measurements. 
The  wavelength  region  we  can  access  with  our  fast-tuning  cw  laser  system 


is  somewhat  limited,  and  so  one  of  our  first  activities  is  to  become 
more  familiar  with  the  absorption/fluorescence  spectra  of  the  species 
accessible  in  our  plasma  torch  or  low  pressure  plasma  facllties.  Once 
these  plasma  facilities  are  operational,  we  will  conduct  an  absorption- 
based  spectral  survey  of  the  plasma  to  identify  suitable  spectral 
features  which  can  be  used  in  our  work  to  establish  measurement  strat¬ 
egies.  Our  hope  is  that  fully  resolved  fluorescence  measurements  will 
yield,  through  the  apparent  linewidths  or  line  shifts,  information  on 
plasma  properties  such  as  electron  concentration  or  temperature,  in 
addition  to  the  local  species  concentration  for  the  absorbing  species. 

Finally,  and  on  a  more  speculative  basis,  we  wish  to  explore  laser- 
based  scattering  techniques  for  plasma  measurements.  As  a  first  example, 
we  would  like  to  pursue  a  novel  concept  for  determining  the  electron 
number  density  via  measurements  of  the  plasma  frequency,  the  latter 
being  a  characteristic  local  frequency  of  the  plasma  which  is  a  known 
funclton  of  the  electron  number  density.  Our  idea,  which  is  untested,  is 
to  cross  two  lasers  at  a  point,  and  to  vary  the  laser  frequency  differ¬ 
ence  until  it  matches  the  plasma  frequency.  At  this  point  the  plasma 
will  be  excited  and  should  exhibit,  we  hope,  enhanced  scattering  of 
light  at  one  of  the  incident  wavelengths.  The  scattered  light,  present 
only  when  the  separation  in  laser  frequencies  matches  the  plasma  fre¬ 
quency,  is  simply  an  indicator  of  when  the  matching  conditions  is  satis¬ 
fied.  The  frequency  itself  will  be  inferred  from  simple  etalon  traces  of 
the  laser  and  hence  should  be  very  precise.  Although  this  idea  is  in  a 
very  preliminary  stage,  it  illustrates  the  type  of  new  approach  we  would 
like  to  take  in  this  work. 

One  further  preliminary  idea  regarding  PLIF  plans  for  plasmas  should 
be  mentioned,  and  that  has  to  do  with  growing  interest  in  radiative 
coupling  between  lasers  and  plasmas,  i.e.  laser-sustained  or  stimulated 
plasmas.  As  an  example,  UV  lasers  are  now  being  used  to  selectively 
Influence  plasma  chemistry,  particularly  in  connection  with  chemical 
vapor  deposition  on  surfaces.  Once  our  high-repetition-rate  excimer 
laser  is  installed  as  planned  for  our  flow  visualization  work  in  combus¬ 
tion  gases,  this  laser  could  also  serve  as  a  high  power  source  of  UV 


radiation  to  initiate  or  perturb  a  plasma,  the  behavior  or  response  of 
which  could  then  be  studied  using  our  PLIF  plasma  diagnostics  system. 
Working  in  such  an  area,  namely  laser-plasma  interactions  (including 
chemistry  and  energy  conversion  topics),  would  provide  useful  focus  for 
our  diagnostic  research  and  also  increase  both  the  visibility  and  poten¬ 
tial  scientific  impact  of  our  plasma-related  program. 
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2.6  OPTICAL  PROCESSING  AND  PHASE  CONJUGATION 


I  OBJECTIVE 

The  objective  of  the  research  program  is  to  investigate  innovative  new 
approaches  for  making  quantitative  3-D  measurements  in  combusting  flows.  The 
techniques  under  investigation  include  optical  and  digital  image  processing, 
holography  and  phase  conjugation. 

H.  INTRODUCTION 

Turbulent  combusting  flows  are  complex,  three-dimensional  time-dependent 
phenomena.  Diagnostic,  nonintrusive  optical  techniques  used  to  further  expand 
our  knowledge  of  these  flows  are  usually  sophisticated  and  computer  based  to 
accommodate  the  often  enormous  data  throughput  required.  Recent  work  in  the 
diagnostics  area  has  been  concentrated  on  planar  measurements  of  such  variables 
as  velocity,  density  and  species  concentration.  By  properly  scanning  the  laser 
sheet  volumetric  information  can  be  obtained  and  we  have  investigated  a  novel 
technique  for  processing  and  display  of  these  three-dimensional  data  fields  using 
both  video  based  and  holographic  techniques.  The  method  investigated  has 
widespread  applications  both  in  combusting  and  noncombusting  flows.  However, 
we  found  that  conventional  image  processing  techniques  are  not  always  applicable 
to  combusting  flow  data.  For  example,  edge  finding  techniques  do  not  work  very 
well  when  dealing  with  concentration  data  of  particles  or  species  due  to  extensive 
mass  diffusion  which  tends  to  blur  interfaces.  Thus  to  present  and  process  these 
data  we  needed  to  develop  software  custom  tailored  for  these  applications. (Ref  1) 


From  this  work  it  has  become  clear  that  data  acquisition  is  a  major  problem  that 
needs  to  be  examined  carefully.  For  instance,  sheet  illumination  techniques  com¬ 
bined  with  reticon  arrays  are  now  limited  to  framing  rates  of  approximately  500 
pictures  per  second  (100  x  100  arrays),  the  limiting  factor  being  electronic  data 
transfer.  Thus,  it  appears  of  interest  to  investigate  alternative  approaches  which 
may  incorporate  optical  pre-processing  or  storage.  In  this  report  we  discuss  three 
new  techniques.  First,  we  will  describe  progress  made  in  the  area  of  three- 
dimensional  processing  and  display  of  data.  Secondly,  we  will  describe  a  novel 
optical  technique  for  making  density  measurements  in  a  flame.  The  technique  is 
based  on  optical  phase  conjugation  and  we  report  the  first  species  concentration 
measurements  in  a  flame  using  this  technique.  Thirdly,  we  will  discuss  progress 
made  in  the  area  of  real-time  speckle  interferometry.  The  last  project  is  a  new 
start  and  was  proposed  for  commencement  in  the  1984-1985  research  year,  but 
we  have  been  able  to  get  started  ahead  of  schedule  during  the  summer  of  1984. 


II.  Three-dimensional  flow  visualization 

The  technique  for  obtaining  a  three-dimensional  representation  of  a  fluid 
flow  from  a  stack  of  planar  cross-sections  has  been  described  in  a  previous  pro¬ 
gress  report  and  is  not  repeated  here.  We  have  continued  our  effort  in  the  area 
of  three-dimensional  flow  visualization  using  complicated  new  image  processing 
techniques.  In  particular  we  have  investigated  the  usefulness  of  the  technique  for 
combustion  and  fluid  mechanics  experiments.  For  this  purpose  we  have  studied 
the  three-dimensional  structure  of  a  coflowing  jet  without  combustion,  a  laminar 
premixed  flame  and  a  boundary  layer  flow.  The  boundary  layer  data  are  derived 
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from  numerical  calculations  as  opposed  to  experiments.  The  results  of  this  inves¬ 


tigation  for  the  coflowing  jet  and  the  flame  are  described  in  paper  3.  As  an 


intersects  the  other  two.  The  probe  and  pump  beam  1  form  a  grating  in  the 
medium  by  modulating  the  index-of-refraction  through  a  nonlinear  x*  process. 
The  second  pump  beam  is  used  to  read  out  the  hologram  in  real  time  and  a 
fourth  counter-propagating  or  phase  conjugate  probe  beam  results.  The  intensity 
of  this  beam  is  directly  proportional  to  the  local  number  density  and  thus  pro¬ 
vides  a  means  for  measuring  species  concentration.  As  an  example  we  have  dis¬ 
cussed  sodium,  but  reaction  species  and  radicals  can  be  measured  in  the  same 
fashion  as  well.  This  technique  has  been  used  with  pure  sodium  vapor  before, 
but  never  in  a  combusting  environment. 

pump  beam  2 


combusting  Bow 


pump  beam  1 


phase  conjugate 
output 


Figure  2.  Phase  conjugation  in  a  flame 


Combustion  or  heat  release  complicates  the  four-wave  mixing  process, 
because  distortions  in  the  phase  fronts  of  the  two  counterpropagating  pump 
beams  may  result.  If  these  phase  perturbations  become  too  large,  no  phase 


conjugating  beam  will  result,  even  although  the  material  responds  on  a  time  scale 


of  less  than  nanoseconds.  We  have  investigated  this  phenomenon  during  the  past 
contract  year.  The  potential  of  this  new  technique  is  substantial,  because  signal 
strength  is  relatively  large  and  quenching  problems  are  not  impeding  quantitative 
data  interpretation  as  is  often  the  case  in  laser  induced  fluorescence.  The  pres¬ 
ence  of  heat  release  also  influences  the  obtainable  S/N  ratio  as  well  as  the  sensi¬ 
tivity  of  the  technique.  Thus  these  fundamental,  combustion  specific,  issues  need 
to  be  investigated.  In  addition  to  the  already  mentioned  features  of  the  tech¬ 
nique  it  is  also  possible  to  perform  optical  data  processing  on  the  probe  beam. 
By  tuning  the  ratio  of  the  probe-to-pump  beam  intensity  it  is  possible  to  perform 
edge  detection  operations  and  thus  data  compaction  which  allows  improved  time 
resolution  for  a  given  data  acquisition  rate. 

3.1  Progress 

Last  winter  we  started  an  investigation  into  the  potential  of  some  new 
materials  for  use  as  a  phase  conjugating  medium  via  a  third-order  susceptibility; 
this  research  produced  several  possible  candidates.  Media  in  which  one  tunes 
close  to  an  isolated  resonance  are  most  promising  because  of  the  high  diffraction 
efficiencies  attainable  for  a  given  amount  of  laser  power.  Examples  of  materials 
in  which  this  X®  process  occurs  are  CdS  cooled  to  77  K  (as  yet  untested)  and 
atomic  sodium  vapor,  which  has  been  successfully  used  in  the  lab  with  both 
pulsed  and  cw  lasers.  Other  materials  with  large  xF*  yet  without  the  advantage 
of  resonant  enhancement  include  CSs,  PTS  polydiacetylene,  and  2-methyl-4- 
nitroanilene  (MNA).  Of  these,  phase  conjugation  has  been  demonstrated  else¬ 
where  in  CSa  with  a  pulsed  Nd:YAG  laser,  though  attempts  on  MNA  in  this  lab 


with  a  cw  argon  ion  laser  have  proven  unsuccessful.  The  high  diffraction 


efficiencies  attainable  in  resonant  media  are  offset  by  the  cost  of  a  tunable  laser 
system  and  the  problems  involved  in  maintaining  high  quality,  narrow  bandwidth 
output.  The  nonresonant  media  require  no  tunability  but  higher  energy  densities 
are  needed  and  so  one  must  resort  to  high  power  laser  systems  such  as  Nd:YAG. 

We  have  upgraded  the  laboratory  (at  no  cost  to  the  contract,  by  borrowing 
the  laser  from  NASA  Ames)  to  include  a  dye  laser  pumped  by  a  pulsed  nitrogen 
laser,  a  flame  apparatus  and  an  exhaust  system.  By  midsummer  all  equipment 
was  properly  tested  and  this  allowed  us  to  investigate  a  novel  technique  for 
measuring  species  concentration  in  a  flame  using  phase  conjugation  .  The  details 
of  the  technique  are  described  in  a  companion  paper  titled:  "Phase  conjugation  in 
a  flame”,  submitted  to  Optics  Letters.  In  essence,  we  have  investigated  the  issues 
raised  in  the  introduction  and  determined  that  indeed  a  quantitative  measure¬ 
ment  of  species  concentration  can  be  made  in  a  combusting  environment.  The 
technique  described  uses  sodium  as  the  seed  material,  but  it  should  be  remem¬ 
bered  that  any  material  which  has  a  resonance  frequency  which  is  accessible  by  a 
laser  wavelength  can  be  used.  Thus  it  should  be  possible  to  measure  for  instance 
OH  and  NO. 


IV  Read-time  speckle  velocimetry 

Speckle  velocimetry  has  been  used  in  noncombusting  flows  to  measure  velo¬ 
city  in  a  plane.  A  sheet  of  laser  light  is  used  to  illuminate  a  particle  laden  flow 
and  scattered  radiation  is  recorded  on  high  resolution  film.  Solid  state  crmeras 
cannot  be  used  for  this  purpose,  because  of  the  spatial  resolution  required 


(microns).  The  scattered  radiation  constitutes  a  speckle  pattern  on  the  film  when 
the  resolving  power  of  the  camera  system  does  not  allow  imaging  of  the  indivi¬ 
dual  particles.  Velocity  information  can  be  obtained  by  superimposing  two 
speckle  patterns  on  the  same  film.  Upon  development  the  film  is  illuminated  by 
another  laser  beam  and  Young’s  fringes  result  in  the  far  field  diffraction  pattern. 
The  fringe  spacing  and  orientation  are  directly  related  to  the  velocity  vector. 
The  fringe  pattern  can  be  analyzed  using  a  vidicon  camera  system  coupled  to  a 
digital  computer,  because  the  resolution  requirements  are  not  very  demanding. 
(Fractions  of  a  millimeter).  The  technique  described  here  thus  provides  velocity 
measurements  in  a  plane  at  an  instant  in  time.  We  have  proposed  to  use  non¬ 
linear  optical  materials  for  the  recording  of  these  speckle  patterns,  thus  providing 
real-time  capability  for  the  first  time.  The  crystal  is  used  as  a  storage  device  for 
the  speckle  patterns,  which  can  be  recorded  during  the  pulsetime  of  the  laser.  It 
is  also  possible  to  record  multiple  exposures  and  thus  provide  a  time-sequences  of 
velocity  at  repetition  rates  in  excess  of  thousands  of  frames  per  second.  The  total 
number  of  frames  that  can  be  stored  should  ,  in  principal,  be  on  the  order  of  hun¬ 
dreds,  and  is  limited  by  the  achievable  signal-to-noise  ratio.  However,  combusting 
flows  with  appreciable  heat  release  cause  the  scattered  rays  from  the  particles  to 
bend.  This  in  turn  limits  the  resolution  of  the  recorded  speckle  patterns  as  well 
as  the  similarity  of  the  patterns  which  are  recorded  sequentially.  Since  we  need 
to  compare  two  similar,  but  displaced  speckle  patterns  in  order  to  determine  the 
velocity  field,  we  need  to  investigate  this  ray  bending  or  distortion  problem, 
which  can  be  particularly  severe  in  a  combusting  environment  (as  opposed  to  a 
noncombusting  gas  flowfield).  In  addition  we  need  to  investigate  the  time- 


response  and  photorefractive  sensitivity  of  the  recording  medium. 

4.1  Progress 

The  effort  described  here  constitutes  recording  double-exposed  specklegrams 
of  a  low  speed  air  jet  seeded  with  smoke,  and  making  quantitative  measurements 
in  a  simplified  case.  Work  leading  up  to  these  results  consisted  of  setting  up  the 
laboratory  and  acquiring  and  constructing  optical  and  support  equipment 
specifically  for  this  research. 

Tha  laser  used  for  these  experiments  is  a  Nd-Yag  laser.  The  most  important 
mode  of  operation  of  the  laser  for  the  speckle  velocimetry  research  is  the  double 
pulsed  Q-switch  mode  which  produces  two  very  short  (8  nsec)  pulses.  The  rela¬ 
tive  energies  of  the  two  pulses  vary  greatly  with  respect  to  separation  time  and 
total  energy  of  the  two  pulses,  but  careful  calibration  allows  a  useful  range  of 
pulse  separations  of  40-140  microseconds. 

Construction  of  the  air  jet  and  set-up  of  the  jet,  smoke  generator,  laser 
sheet,  and  imaging  optics  or  camera  provided  the  means  for  producing  double 
exposed  specklegrams  of  a  flow.  Analysis  of  these  preliminary  data  has  proved 
more  complex  than  anticipated;  the  practical  implementation  of  Fourier  analysis 
of  double  exposed  random  patterns  (specklegrams)  is  a  careful  balance  of  interro¬ 
gating  beam  size,  particle  size  and  density,  laser  sheet  intensity,  and  other  lesser 
practical  considerations.  This  balance  has  been  achieved  for  a  few  specklegrams. 
In  addition  we  have  studied  a  calibration  experiment  which  produced  excellent 
results.  In  these  experiments  the  smoke  flow  is  replaced  by  a  ground  glass  plate 

which  is  translated  by  a  measured  amount  between  exposures.  This  produces  a 
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double  exposed  specklegram  of  a  uniform  displacement  field,  which  is  a 
simplification  of  the  widely  varying  displacement  field  of  a  jet.  From  this 
simplified  case  optical  analysis  repeatedly  produced  Fourier  transforms  of  excel¬ 
lent  signal-to-noise  ratio  from  which  the  displacement  was  calculated  to  within  1 
micrometer  of  a  100  micrometer  displacement.  An  example  of  the  quality  of  the 
results  attainable  is  shown  in  Figure  3. 


>  - 


Figure  3.  Example  of  an  optically  Fourier  transformed  double  exposure 
specklegram 

Current  work  is  concentrated  on  reliably  applying  optical  Fourier  analysis  to 
the  specklegrams  of  the  jet.  Once  this  is  achieved,  this  anemometer  can  be  made 
to  perform  in  real  time  by  the  use  of  nonlinear  electro-optic  crystals  as  the 
recording  medium.  Also  the  analysis  of  the  specklegrams  can  be  made  more 
accurate  by  applying  digital  image  processing  techniques  to  the  results  of  the  opt¬ 
ical  analysis.  In  particular  we  are  interested  in  investigating  the  effect  of  combus¬ 
tion  on  the  usefulness  of  the  technique,  as  described  above. 


V.  Scientific  merit 


The  need  for  making  planar  or  volumetric  measurements  in  a  combusting 
flow  has  been  well  established.  Fluorescence  is  an  attractive  method,  but  often 
quantitative  data  interpretation  is  complicated  by  quenching  problems.  Ideally 
one  would  like  to  use  gases  which  exhibit  a  short  fluorescence  time  and  a  narrow 
linewidth.  Unfortunately  not  all  species  of  interest  in  combustion  research  satisfy 
these  criteria.  Phase  conjugation  offers  the  possibility  of  a  complementary  tech¬ 
nique,  which  can  provide  data  with  a  potentially  high  signal- to- noise  ratio  using 
low  laser  powers  (compared  with  for  instance  Raman  techniques).  The  technique 
also  offers  the  opportunity  to  perform  optical  processing  of  the  data  such  as  edge 
detection  in  real-time. 

The  other  technique  investigated  offers  the  possibility  for  making  optical 
velocity  measurements  in  a  plane  using  optical  information  processing.  It  has 
become  very  apparent  to  us  that  digital  processing  is  not  very  suitable  for  obtain¬ 
ing  velocity  measurements  from  particle  streak  measurements  because  of  the 
extensive  computational  time  required.  Optical  processing  has  been  shown  to 
significantly  reduce  the  computational  burden  required  for  obtaining  speckle  velo- 
cimetry  data.  Film  based  systems  have  been  used  to  achieve  instantaneous  velo¬ 
city  data  in  a  plane,  but  the  proposed  technique  offers  the  ability  for  the  first 
time  to  make  time  resolved  2-D  velocity  measurements.  In  addition  the  nonlinear 
crystal,  which  allows  very  high  resolution  recording  can  be  used  to  store  multiple 
speckle  patterns  and  thus  obtain  a  movie  of  planar  velocity  data  at  a  rate  of  at 
least  several  Khz,  but  probably  much  higher. 
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The  major  goal  of  the  Stanford  Program  is  the  innovation  of  modern, 
primarily  laser-based  diagnostic  techniques  appropriate  for  the  charac¬ 
terization  of  reacting  flows  and  plasmas.  This  program  is  viewed  as  a 
multi-year  effort,  and  as  such  we  focus  a  portion  of  our  effort  each 
year  on  the  preliminary  investigation  of  new  techniques.  Ideas  receiving 
attention  during  the  past  year  Include:  (1)  visualization  of  pressure 
and  vorticity;  (2)  visualization  of  CO,  H  and  0  concentrations  using 
two-photon  fluorescence;  (3)  laser  chemistry  of  high  temperature  gases; 
and  (4)  laser  energy  transfer  in  high  temperature  gases  and  plasmas  by 
linear  and  non-linear  absorption.  These  activities  are  discussed  briefly 
below. 

Pressure  and  vorticity  are  flowfield  variables  of  primary  importance 
that  have  not,  to  our  knowledge,  been  measured  optically.  The  vorticity, 
a  vector  quantity  given  by  the  curl  of  the  velocity  vector,  is  a  measure 
of  the  rotation  of  the  fluid  and  should  in  principle  be  accessible  from 
velocity  visualization  data  by  evaluating  the  appropriate  velocity 
gradients.  Given  velocity  visualization  of  sufficient  accuracy  to  allow 
differencing  of  velocity  components  between  adjacent  pixels,  the  calcu¬ 
lation  of  vorticity  and  subsequently  its  display  should  be  straight¬ 
forward.  The  major  obstacle  to  visualizing  vorticity  is  thus  the  avail¬ 
ability  of  velocity  data  of  sufficient  accuracy.  Accordingly,  we  have 
set  out  to  upgrade  our  velocity  visualization  experiment,  and  with  the 
acquisition  of  the  High  Resolution/High  Dynamic  Range  camera  system  in 
the  next  few  months  we  expect  to  be  able  to  obtain  velocity  data  of 
suitable  quality  to  perform  vorticity  visualization. 

The  optimum  strategy  for  visualizing  pressure  is  less  obvious. 
However,  our  current  two-frequency  scheme  for  multiple-point  velocity 
measurements  (see  Sec.  2.4)  appears  to  offer  exciting  promise  for  deter¬ 
mining  pressure  and  velocity  simultaneously.  The  key  is  that  the  PLIF 
data  acquired  in  the  two— frequency  scheme  also  can  be  processed  (by 
simple  combinations  of  the  four  signals  obtained  at  each  pixel)  to  yield 
a  value  for  the  slope  of  the  absorption  lineshape  function,  and  this 
quantity  is  primarily  dependent  on  pressure  at  certain  positions  within 


the  absorption  line.  To  Illustrate  the  possibility  of  this  approach,  we 
have  plotted  calculated  values  of  the  inverse  of  the  lineshape  function 
(in  normalized  form,  l.e.  g/(dg/dv>)  for  I2  as  a  function  of  pressure: 
see  Fig.  1.  We  see  that  over  the  range  of  temperature  and  pressure  used 
in  our  current  experiments  this  slope  function,  obtained  directly  from 
the  PLIF  data,  is  a  strong  function  of  pressure.  We  plan  to  propose 
further  work  on  this  promising  combined  pressure-velocity  concept  in  our 
forthcoming  proposal.  The  approach  should  be  of  special  value  in  studies 
of  supersonic  and  hypersonic  flowfields 

The  second  new  technique  under  consideration  is  two-photon  fluores¬ 
cence  of  CO,  0  and  H.  In  this  process,  VUV  absorption  transitions  of 
these  species  are  accessed  by  combining  two  (or  more)  UV  photons,  and 
the  subsequent  decay  of  the  upper  state  is  monitored  by  fluorescence, 
usually  in  the  visible.  The  major  disadvantages  of  this  approach  have 
been  the  low  efficiency  of  the  process,  requiring  high  laser  pulse 
energies  to  yield  suitable  signals,  and  the  Inherent  difficulty  of 
calibrating  the  system  given  the  spatial  and  temporal  variations  in 
laser  intensity  coupled  with  the  non-linear  response  of  the  gases. 
During  the  past  year,  however,  good  progress  has  been  made  in  other 
laboratories  in  developing  single-point,  two-photon  LIF  schemes  for 
these  species,  and  in  one  case  (Alden  et  al.  in  Sweden)  measurements  of 
CO  have  been  made  with  an  intensified  linear  array.  The  combination  of 
advances  in  laser  and  detector  technology  with  improved  understanding  of 
the  two-photon  spectroscopy  of  these  species  (and  in  particular  the 
optimum  wavelengths  for  excitation  and  detection)  now  suggests  that 
quantitative  visualization  using  two-photon  processes  is  feasible.  At 
present  we  are  planning  toward  visualization  of  CO  using  two-photon 
excitation  of  the  B  «-  X  system  with  detection  of  subsequent  B  ♦  A  emis¬ 
sion.  Work  underway  includes:  modifications  to  our  Nd : YAG-pumped  dye 
laser  system  to  achieve  higher  output  energies  at  the  pump  wavelength, 
\-230  nm,  and  construction  of  a  multi-pass  illumination  system  to  pro¬ 
vide  increased  illumination  intensities.  We  have  devised  a  calibration 
scheme  to  deal  with  the  problem  of  nonuniform  illumination  and  hope  to 
attempt  a  demonstration  experiment  within  three  months. 
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Our  third  new  area  of  Interest  is  laser  chemistry  in  high  temper¬ 
atures  gases.  The  idea  is  to  employ  our  new  excimer  laser  as  a  pulsed 
high-energy  source  of  UV  and  VUV  photons  (operating  wavelengths  include 
308  nm,  248  nm  and  193  nm)  which  can  break  molecular  bonds  and  perturb 
the  chemical  composition  of  combustion  gases  or  plasmas.  We  foresee  that 
experiments  of  this  type  will  lead  to  new  techniques  for  detailed 
probing  of  the  nonequilibrium  behavior  of  high  temperature  gases  and  to 
fundamental  studies  of  energy  conversion  processes,  as  related  for 
example  to  laser  propulsion  concepts.  At  present  we  are  assembling  a 
room  temperature  flow  cell  with  optical  ports  for  exciting  and  moni¬ 
toring  the  response  of  gases  such  as  NH-j,  ^0  and  H2O.  These  are  species 
which  are  convenient  to  handle  and  are  known  to  decompose  upon  illumina¬ 
tion  with  UV  or  VUV  sources;  hence  this  work  will  provide  a  good 
starting  point.  Subsequently  we  hope  to  extend  our  experiments  to 
include  very  high  temperature  gases  in  a  shock  tube  and  in  a  plasma 
torch,  and  we  expect  that  such  work  will  form  a  part  of  our  proposal  for 
FY  86. 

Finally,  we  have  given  some  thought  to  experiments  aimed  at  studies 
of  laser  energy  transfer  in  high  temperature  gases,  particularly 
plasmas,  under  conditions  where  non-linear  absorption  phenomena  or 
Induced  motion  of  the  gases  occurs.  This  work  relates  to  the  project 
above,  on  laser-stimulated  chemistry,  but  has  a  different  emphasis — 
namely  high  levels  of  energy  transfer  under  extreme  conditions.  Our 
tentative  plan  is  to  include  work  along  these  lines  in  our  upcoming 
proposal.  Laser  sources  would  include  pulsed  Nd:YAG  at  1.06  pm,  pulsed 
excimer  (at  308  nm,  248  nm,  193  nm  and  179  nm)  and  possibly  pulsed  CO2 
at  10.6  pm.  The  gases  could  be  produced  in  the  reflected  shock  region  of 
a  shock  tube  or  in  a  plasma  torch;  diagnostics  would  be  based  on  absorp¬ 
tion  emission  and  fluorescence  spectroscopy. 


